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ABSTRACT 
Heterotrimeric G proteins are a class of signaling molecules found throughout the animal 
kingdom with an extremely high degree of complexity and regulation. These molecules have 
just recently been discovered in plants as well, albeit with an incredible lack of intricacies. 
Elsewhere, it has been reported that neuroglobin, a newly discovered hexacoordinate 
hemoglobin, interacts with the Ga subunit in animal systems. Plants as well have many 
hexacoordinate hemoglobins, termed nonsymbiotic hemoglobins, of unknown function. 
Because of the similarity between plant and animal Ga subunits, the assumption that these 
plant nonsymbiotic hemoglobins may play a similar role with plant Ga subunits was 
investigated. Using purified atGPAl from Arabidopsis and Gai 1 from rat, the binding to 
multiple hemoglobins was measured with surface plasmon resonance. Both Ga subunits 
interact similarly with hemoglobins from both animal and plant kingdoms. However animal 
hemoglobins exhibit a strong nucleotide dependence while plant hemoglobins do not. 
Mutations near the E7L histidine also play a role in binding. These novel findings lay the 
groundwork for future study on Ga and hemoglobin interactions. 
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CHAPTER 1: INTRODUCTION 
Background 
Heterotrimeric G Proteins 
Heterotrimeric G proteins are a well-known and rigorously studied class of signaling 
molecules in animals . They have been found to play an integral role in multitudes of cellular 
processes, such as cell proliferation, blood pressure, and even the perception of smell 1. 
Heterotrimeric G proteins achieve this diverse array of functions by consisting of a 
combination of three subunits, accordingly named the Ga, op, and Gy subunits . There are 
many different forms of each subunit in a genome, creating the possibility for hundreds of 
different a, p, and y combinations. Mammalian genomes, for example, typically contain over 
20 different Ga subunits from which to construct a functional complex 2 • This multitude of 
combinations accounts for the fact that there are a greater number of functions associated 
with complete heterotrimeric G proteins than there are individual subunits. 
Regardless of the specific subunit components, all heterotrimeric G proteins function in a 
similar manner. In the inactive form, heterotrimeric G proteins are bound to a signal-
activated G protein-coupled receptor located in the cell membrane. GDP is bound to the 
largest of the three subunits, the Ga subunit. Activation occurs when a signal is received by 
the G protein-coupled receptor, which induces the Ga subunit to exchange GDP for GTP. 
This severs the interface between the Ga and the Gpy subunits, and the two halves travel 
down individual signal pathways, each performing their desired functions. The activity of 
2 
this signal is tenninated by the intrinsic GTPase activity of the Ga subunit. After a time, the 
Ga subunit hydrolyzes the OTP back into GDP that, when coming into contact with the G~y 
subunit, reforms the complex and turns off the signal pathway. 
Adding additional control to this system, there are many classes of proteins that regulate the 
activity of heterotrimeric G proteins, either through the heterotrimeric G protein itself or 
through the G protein-coupled receptor . 
. The group that exerts its influence through the heterotrimeric G protein consists of three 
members3• The first members of this protein class are the guanine nucleotide exchange 
factors. These enzymes assist in the exchange of GDP for GTP by promoting the dissociation 
of the bound GDP, therefore stimulating activation of the heterotrimeric G protein. The 
second members are the GTPase activating proteins, which work to achieve the opposite 
effect. They increase the rate of the Ga subunit's GTPase activity, increasing the hydrolysis 
of GTP back into GDP, which reforms the complete complex and therefore neutralizes the 
signal faster than hydrolysis alone. The third members are the guanine nucleotide 
dissociation inhibitors. Opposites of the first class, they too repress the activation of the 
heterotrimeric G protein by inhibiting the dissociation of bound GDP for GTP. 
The major proteins that use the G protein-coupled receptor as a means of regulation consist 
of G protein-coupled receptor kinases3• Once the receptor has been activated by agonists, 
these G protein-coupled receptor kinases phosphorylate specific residues of the receptor. 
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These phosphorilations work to desensitize the receptor to further signals, therefore indirectly 
inhibiting the action of the heterotrimeric G proteins. 
Heterotrimeric G proteins are a very important class of enzymes with both diverse functions 
and regulation. The understanding and mastery in controlling the activity of these molecules 
would have immense benefits for both research and pharmaceuticals. 
atGPAJ 
Until recently, it was thought that heterotrimeric G proteins were only found in the cells of 
animals. When it was discovered that plants also utilize these versatile molecules, it didn't 
challenge too many foundations. What was surprising, however, was the number of possible 
subunits. Sequencing and genomic studies revealed that plants do not have multitudes of 
subunit variations as animals do; they have very few. Arabidopsis, for example, has a single 
Ga subunit, a single G~ subunit and two Gy subunits4 • Somehow, with only two possible 
heterotrimeric G protein combinations, the Arabidopsis heterotrimeric complex seems to be 
involved in areas spanning from developmental cell proliferation5 to stomatal water balance6 
to blue-light regulated responses7• 
Of the three subunits, the one associated with the most known functions is the Ga subunit. 
As mentioned earlier, Arabidopsis has only one Ga subunit in its genome, atGPAl 8 • This Ga 
subunit is over 30% identical to animal Ga subunits, suggesting a conserved functionality. 
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Understanding how such a large number of distinct functions can come from such a small 
number of possible heterotrimeric complexes may help direct the future study of G proteins 
in both the plant and animal kingdoms, or even help elucidate the evolutionary progression of 
heterotrimeric G proteins throughout time. 
Hemoglobins 
Hemoglobins are a ubiquitous class of proteins found throughout both eukaryote and 
prokaryote kingdoms. They are characterized by binding a heme prosthetic group, a planar 
structure coordinating a single iron atom. The iron can exist either in its reduced Fe2+ ferrous 
form or its oxidized Fe3+ ferric form. This heme group is what gives hemoglobins their 
characteristic red color. 
The most well-known and extensively studied hemoglobins are animal hemoglobin and 
myoglobin. Hemoglobin is found in the red blood cells and facilitates transport of oxygen 
from the lungs to the tissues. Myoglobin is found in the muscles and accepts oxygen from 
hemoglobin for storage and eventual usage. Both of these proteins accomplish their tasks by 
binding oxygen to the iron atom of the heme. 
Hemoglobin and myoglobin are examples of pentacoordinate hemoglobins. They get this 
name because these hemoglobins coordinate their heme iron at five of the six available sites. 
The sixth site is uncoordinated and is where the interaction with ligands, such as oxygen, 
carbon monoxide, or nitric oxide, take place. 
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More recently discovered are the hexacoordinate hemoglobins. These hemoglobins 
coordinate their heme iron in all six positions, fostering a competition between indigenous 
and exogenous ligands; in spite of this, they are still able to bind exogenous ligands with high 
affinity (Fig. 1). 
Figure 1 
Fig 1. An example of hexacoordination. The heme iron is coordinated 
by four atoms from the heme, the planar structure in the center of the model. 
Two histidines coordinate the other two available positions. In traditional 
pentacoordinate hemoglobins, one histidine is absent. 
Two recently discovered hexacoordinate hemoglobins in animals are neuroglobin, found 
primarily in the brain under hypoxia conditions9, and cytoglobin, seemingly found throughout 
the organism10• While both of these hexacoordinate hemoglobins have become the target of 
much investigation, the functions of these proteins are still in question. 
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Like animals, plants also contain hemoglobins, and there are three general classes found in 
plants. The first of the classes, leghemoglobins, is found in legumes and other nodulating 
species and play a role in nitrogen fixation. The second class has homology to the "truncated" 
hemoglobins found in bacteria but differ from these in many respects. The third group is a 
class of hexacoordinate hemoglobins called nonsymbiotic hemoglobins and have been linked 
with the plant response to hypoxia, germination, somatic embryogenesis, and events 
associated with the plant disease resistance response''. The first nonsymbiotic hemoglobin 
was identified in barley based on its similarity to one of the non-legume, symbiotic plant 
hemoglobins 12• Using the barley cDNA as a probe, homologous nonsymbiotic hemoglobins 
were identified in many other species and are now believed to be found in all plants 13 • 
The physiological role of nonsymbiotic and other hexacoordinate hemoglobins remains a 
mystery, although numerous functions have been proposed. Some of these suggestions 
include roles in oxygen storage and transport, detoxification of nitric oxide and/or other 
reactive oxygen species, and sensing of oxygen or other small heme ligands 14 • For the 
nonsymbiotic hemoglobins from rice, barley, and Arabidopsis however, research has 
narrowed the range of possible functions. These proteins cannot facilitate oxygen transport 
because their affinities are too high, their dissociation kinetics are too slow, and their 
concentrations in the plant are too low 15 • The physiological function of nonsymbiotic 
hemoglobins in these plants must therefore involve something other than traditional oxygen 
storage and transport. 
Justification 
Little is known about plant Ga subunits, and to date, only one report has used purified 
atGPAl in a study16 • In a seemingly unrelated field, a recent paper reported that ferric 
neuroglobin, itself a newly discovered hexacoordinate hemoglobin, binds to Ga subunits in 
animals, possibly acting as a guanine nucleotide dissociation inhibitor during hypoxia3• 
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Damage from nitric oxide and reactive oxygen species is enhanced under hypoxic conditions, 
and it is under exactly these circumstances that both plants and animals upregulate 
biochemically similar hexacoordinate hemoglobins. If the interaction between animal Ga 
subunits and neuroglobin is a significant function of the heterotrimeric G protein, it seems 
plausible that the similar plant Ga subunit may also interact with plant nonsymbiotic 
hexacoordinate hemoglobins. And because atGPAl is the only Ga subunit present in 
Arabidopsis, it provides an ideal opportunity to observe the importance of this interaction to 
the organism. 
Approach 
Suiface Plasmon Resonance 
Protein-protein interaction lies at the heart of biochemistry. However, in order to measure 
this interaction it is often necessary to modify the proteins in some way or measure them in 
conditions far from physiological significance. On top of this, most techniques are limited by 
timescales and/or protein concentrations of varying degrees. 
A relatively new technique for studying macro molecular interactions that has managed to 
circumvent many of these limitations is surface plasmon resonance. This technique does not 
require the proteins to be altered, allows a range of physiological conditions and does so in 
real time, requiring micromolar to nanomolar concentrations. 
To measure protein-protein interaction, surface plasmon resonance utilizes a sensitive 
biosensor chip. While there are differing types of chips for differing purposes, the most 
widely used is the CM5 chip. It is constructed of four layers: the first is a glass support slide 
covered by a thin, second layer of gold. The gold is in tum connected via a thin linker layer 
to a surface matrix of carboxymethyl dextran 17 • It is on this carboxymethyl dextran that one 
of the proteins, termed the ligand, is immobilized. 
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Before immobilization, the carboxymethyl dextran is activated by a 1: 1 mixture of 400mM 
N-ethyl-N' -(3-dimethylaminopropyl)carbodiimide and 100 mM hydrochloride/N-
hydrosuccinimide. The ligand to be immobilized is placed in a buffer with a pH below the pl 
of that protein, giving the molecule a positive charge. The now positively charged protein is 
passed over the chip and becomes covalently bound to the activated surface of the chip via its 
amine functional groups. Following this with a wash with ethanolamine pH 8.5 blocks any 
unreacted sites on the chip and gives any unbound proteins a negative charge that assists in 
their removal 18 • 
The biosensor chip makes up one wall of a chamber where solution flows across in a 
continuous manner. The ligand faces the interior of the flow chamber while a beam of a near-
infrared light emitting diode illuminates the gold film through the glass support slide 11 • 
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Because of the angle of incidence, the light exhibits total internal reflection inside the glass 
support slide, reflecting 100% of the incident light back out to a detector. While all the light 
is reflected, the electromagnetic field component does penetrate a few nanometers through 
the gold film, creating an evanescent wave. If the light is monochromatic and p-polarized, 
there will be a specific angle where the evanescent wave will exhibit resonance with 
delocalized electrons in the gold film. This resonance creates a sharp decline in reflected 
light at a specific angle, termed the resonance angle, which can be monitored by the detector. 
The resonance angle is dependent on the refractive index, and therefore the mass of the 
ligand, on the other side of the gold film (Fig. 2). 
To test for interaction, a second protein, termed the analyte, is passed over the immobilized 
ligand. If interaction occurs, the mass attached to the chip will increase, leading to a change 
in the resonance angle. The detector monitors this change in resonance angle as a function of 
time. The data is displayed in a sensogram where the change in angle, and therefore mass, is 
given units or RU, or resonance units, verses time in seconds (Fig. 3). 1000 RU represents a 
change in approximately 1 ng/mm2 of bound ligand. To measure dissociation, the flow of 
analyte is replaced with running buffer and the change in resonance angle is monitored as the 
analyte washes off. 
Figure 2 
Microfluidic Cartridge 
Fig 2. Internal workings of surface plasmon resonance. Figure taken 
with permission from BIAtechnology Handbook, Biacore
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Fig 3. Sensogram showing association and dissociation phase of SPR experiment. 
Figure taken with permission from BIAtechnology Handbook, Biacore
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The biosensor chip actually contains an array of four surfaces, or flow cells, on which to 
immobilize ligands of choice. One flow cell is commonly left blank to serve as a reference 
cell. The pumping mechanism can deliver sample to any single or combination of flow cells, 
resulting in up to three simultaneous but separate binding curves. 
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CHAPTER 2: METHODS 
Hemoglobin Purification 
Expression and Purification 
All hemoglobins used in this experiment, rice hemoglobin, neuroglobin, neuroglobin 
E7L, neuroglobin E7L,E9S,E10L, cytoglobin, cytoglobin E7L, and myoglobin were all 
expressed and purified in similar manners. The genes were cloned into pET28 and pET29 
expression vectors and transformed into E coli BL21 star competent cells for expression. All 
plasmids were verified by DNA Sequencing from the Iowa State University DNA 
Sequencing and Synthesis Facility. 
Proteins were grown in either twelve, one-liter flasks or in one, twenty-liter carboy of TB 
media with 50 µg/ml of kanamycin sulfate added for selection. The flasks were shaken at 200 
rpm and the carboy was stirred as 0.3 L/min of pure oxygen was pumped throughout the 
media. No IPTG was used for induction because it has proven to be unnecessary for the 
expression of these proteins. Growth was conducted at 37 ° Celsius for 18-20 hours and then 
centrifuged for 4 min at 6000 rpm in an Avanti J-E Beckman Coulter centrifuge to pellet the 
cells. Pellets were snap frozen for 10 minutes at -80 ° Celsius and then collected in a single 
flask and frozen at -20 ° Celsius. 
His-Tagged Hemoglobins (pET28 vector) 
For the proteins in the pET28 vector, neuroglobin, neuroglobin E7L, neuroglobin 
E7L,E9S,El OL, cytoglobin, and cytoglobin E7L, there were two purification resins used: 
!MAC Talon His-tag cobalt resin and NT A Superflow His-tag nickel resin. Cobalt was the 
method of choice for these proteins, but for future comparison, both will here be described. 
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For purification on the cobalt column, the cells were allowed to thaw at room temperature in 
10 mL of binding/wash buffer#l (50 mM Sodium Phosphate pH 7.0, 300 mM NaCl) per 
liter of growth. Cells were lysed by sonication and cell lysate separated by centrifugation at 
12000 rpm for 25 min. Supernatant was loading onto the equilibrated column and was 
washed with binding/wash buffer #1 until the 280nm absorbance of the flowthrough reached 
0.01. The protein was then removed from the column with elution buffer #1 (50 mM sodium 
phosphate pH 7.0 , 300 mM NaCl, 100 mM imidazole) and fractions were checked for purity 
on an HP-UV spectrophotometer by comparing the ratio of the soret peak near 400 nm to the 
280 nm peak. A ratio of three is suitable for kinetic experiments. 
Purification on the nickel column follows a similar protocol, however the binding/wash 
buffer must contain a small concentration of imidazole to counter unwanted association to 
the resin. In practice, a higher concentration of Na Cl was also found to be helpful. The cells 
are resuspended in binding/wash buffer #2 (20 mM TRIS pH 7.7, 500 mM NaCl, 5mM 
imidazole ), centrifuged as mentioned above, and loaded onto a column equilibrated with 
binding buffer #2. Before elution, a secondary wash with an intermediate amount of 
imidazole is required to remove further contaminants and approach the purity of the cobalt 
column. The column is washed extensively with secondary wash buffer #2 (20 mM TRIS pH 
7.7, 500 mM NaCl, 30mM imidazole). After eluting with elution buffer#2 (20 mM TRIS pH 
7.7, 500 mM NaCl, lOOmM imidazole) the fractions were checked for purity as mentioned 
above. 
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Non His-Tagged Globins (pET29 Vector) 
The genes in the pET29 vector, rice hemoglobin and myoglobin, are not His-tagged and are 
purified in a different manner. The pellets were allowed to thaw at room temperature in lysis 
buffer (50 mM TRIS pH 8.0, 100 mM NaCl) and were lysed by sonication. Cell lysate was 
again separated by centrifugation at 12000 rpm for 25 min. The protein was next subject to 
ammonium sulfate cuts to remove significant amount of unwanted protein. The supernatant 
was brought up to 45% ammonium sulfate and centrifuged at 12,000 rpm for 30 min. The 
resulting supernatant was saved and more ammonium sulfate was added to bring the 
concentration up to 80%. The solution was centrifuged again at 12,000 rpm for 30 min and 
the supernatant was discarded. The pellet was resuspended in binding/wash buffer #3 (20 
mM TRIS pH 8.0, 2M ammonium sulfate). 
Phenly sepharose 
The resuspended pellet is loaded onto an equilibrated phenyl sepharose column and washed 
with binding/wash buffer #3 (20 mM TRIS pH 8.0, 2M ammonium sulfate) until the 
flowthrough 280 nm absorbance is 0.01. The protein is then eluted with elution buffer #3 (20 
mM TRIS pH 8.0, IM ammonium sulfate) and fractions are collected and checked for purity 
on the UV-spectrophotometer. Pooled fractions were again brought up to 80% ammonium 
sulfate to precipitate the protein. The solution was centrifuged at 12,000 rpm for 30 min and 
the supernatant discarded. The pellet was resuspended in anion binding/wash buffer (20 mM 
TRIS pH 8.0). 
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Anion Exchange Chromatography 
Before anion exchange chromatography, excess ammonium sulfate needs to be removed 
from the buffer. This is most easily done by dialysis into anion binding/wash buffer (20 rnM 
TRIS pH 8.0). After equilibrating the column, the protein is loaded and washed with anion 
binding/wash buffer until the 280 nm is less than 0.01. The protein is eluted with anion 
elution buffer (20 rnM TRIS pH 8.0, 150 rnM NaCl). Fractions are checked for purity and 
pooled. 
Gel Filtration 
Regardless as to the method of purification, all hemoglobins were pooled according to purity 
and concentrated to 1 ml for further purification and buffer exchange on a Sephacryl S-100 
HR gel filtration column. The protein was loaded onto the column equilibrated with SEC 
buffer (l 0 rnM potassium phosphate pH 7 .0) and washed with SEC buffer at a flow rate of 
1.5 ml/min. Fractions were again checked for purity using a UV spectrophotometer, pooled, 
and concentrated to near 1 ml. 
Oxidation 
Each species of hemoglobin needs to be completely oxidized into its ferric Fe3+ form for 
homogeneity. A dash of potassium ferricyinide was added to the concentrated 1 ml sample 
and vortexed for 30 seconds. The solution was then loaded onto a G-25 sephadex column 
equilibrated with either SPR-GDP buffer ( 10 rnM HEPES pH 7.4; 150 rnM NaCl; 5 rnM 
MgC12; 0,005% (v/v) Tween 20, 50 µM GDP) or SPR-GTP buffer ( 10 rnM HEPES pH 7.4; 
150 rnM NaCl; 5 rnM MgC12; 0,005% (v/v) Tween 20, 50 µM GDP; 10 rnM NaF, and 30 
16 
µM A1Cl3) and washed with that buffer. The protein was then collected and concentrated to 
near 1 ml. 
Concentration Determination 
The final concentration was determined for all hemoglobins by UV-spectrophotometry of a 
known dilution using the following equation, where A = absorbance at the soret peak, £ = 
extinction coefficient (mM-1 cm-1) , C =concentration (mM), b =path length (cm), and D = 
dilution factor: 
Eq.1: A= (f-Cb)ID 
atGPAl Preliminary Observations 
Purification Trials 
At the time this study began, atGPAl had yet to have been expressed and purified in a 
published paper. Near the completion of the study, a pre-publication protocol given by 
Willard and Siderovski 16 added insight to past observations that led to a successful 
purification protocol. The observations and process of purification of atGPAl are given to 
provide possible insight for further investigation. 
The clone for recombinant atGPAl was generously donated by Dr. Alan Jones from the 
University of North Carolina. Upon receipt, a mini-prep was conducted to obtain purified 
plasmid that was then sequenced for confirmation of the correct DNA insert. Being 
associated with a membrane receptor, atGPAl is a poorly soluble protein. When expressed in 
17 
E coli, it forms inclusion bodies that accumulate in the pellet of cleared lysate. While 
subsequent denaturing and refolding is often used to recover proteins from inclusion bodies, 
atGP A 1 proved to resist refolding after denaturing , even with mild and slow refolding 
conditions. 
However, when grown at lower temperatures, producing an environment of slower protein 
production, a small percentage of insoluble proteins will remain soluble. To take advantage 
of this effect, the cells were grown at room temperature over a 2-3 day period. A growth 
curve was generated to calculate the time of proper induction. Because the cells were found 
to need a -33 hour wait before induction, a similar growth was conducted starting at 37 ° 
Celsius and then lowering to room temperature after induction. This growth curve showed a 
much more rapid -4 hour wait for induction. After His-tag column partial purification, the 
same levels of expression were observed, therefore greatly speeding up future growths. 
Of particular interest was the fact that three major proteins eluted after extensive washing on 
a His-tag column. In the triplet of bands seen on an SDS-PAGE gel, atGPAl located in the 
center (Fig. 4). 
Figure 4 
70 kDa impurity 
28 kDa impurity 
Fig 4. Elution fractions from His-tag column. 
AtGP A 1 is located in the center, flanked by two 
co-purifying proteins near 70 kDa and 28 kDa. 
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This reproducible effect merited some investigation as to the behavior of these co-purifying 
proteins. The identity of atGPAl came not only from SDS-PAGE but also from N-terminal 
sequencing of the protein band. Because of the differing molecular weight of the bands, the 
first obvious attempt for separation was be to use a gel filtration column. The proteins were 
loaded onto a room temperature Sephacryl S-100 HR gel filtration column and washed with 
GPAl-SEC buffer (50 mM TRIS pH 7.5, 150 mM NaCl, 1mMDTT,5% glycerol, 50 µM 
GDP). It can be seen that while the larger of the proteins began to separate from the mixture, 
atGPAl and the smaller protein remained together (Fig. 5). 
Figure 5 
Fig 5. Fractions from a gel filtration column. 
The larger of co-purifying proteins has been separated, 
however the smaller one remains with atGPAl. 
Also, a troubling fact is that it seemed atGPAl began to degrade as it passed through the 
column. In fact, after eluting from the column and combining fractions , atGPAl seemed to 
have completely disappeared into a collection of bands near its molecular weight (Fig. 6). 
Figure 6 
Fig. 6. Degradation after gel filtration column. Left lanes are fractions before loading 
onto a gel filtration column. Lane on the right is the pooled eluant after the column. 
The arrow designates where atGP A 1 should be located. Instead there appears to be 
a collection of new bands, possibly degraded fragments of atGPA 1. 
19 
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With a new growth, the strength of binding to the His-tag column was tested by varied 
imidazole concentrations in the elution buffer. Experiments show the larger protein was of 
slightly lower affinity than the other two and could be bled away at a slightly lower 
concentration of imidazole. (Fig. 7). 
Figure 7 
Fig. 7. Bleeding the larger of the co-purifying proteins off the His-tag column. 
Using a lower amount of imidazole, the larger co-purifying protein can be removed, 
however a significant amount of atGP Al is bled off in the process. The smaller 
co-purifying protein remains with atGP Al throughout. The arrow signifies 
when the imidazole concentration was increased to normal elution strength. 
Unfortunately, atGPAl also began to bleed off at this concentration, so a thorough washing 
was not possible. The smaller protein behaved identically to atGPA 1, eluting at the same 
concentration, and bleeding off at the same rate during the lower concentrated wash. 
The next investigation involved the use of ammonium sulfate cuts to determine solubility of 
the proteins. A solution of the co-purified proteins was brought up to varying percentages of 
ammonium sulfate from 0%-80%. The precipitated proteins were pelleted and the remaining 
soluble fraction loaded onto an SDS-PAGE gel. The first lane is with 0% ammonium sulfate 
added and each represents an increase of 10%(Fig. 8). 
Figure 8 
7 8 9 
Fig 8. Ammonium sulfate cuts. AtGPA 1 and its two co-purifying proteins 
were brought up to varying percentages of ammonium sulfate and the resulting 
precipitated protein pelleted. Remaining soluble fractions were loaded. 
Lane 1is0% ammonium sulfate and each subsequent lane increases by 10%. 
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At first, the gel indicated that the top two proteins precipitated between 40% and 50% while 
the bottom protein remained soluble. However, upon further examination, the lower protein 
had a wide range of precipitation and began to precipitate with the other two, never allowing 
a sample without the smaller protein present. 
Evidence was pointing to a possible interaction between atGPAl and the smaller protein. To 
test for nucleotide dependence, four test His-tag columns were run. Two were loaded and 
eluted in exclusively a GDP or GTP buffer (50mM TRIS pH 7.5, 5 mM MgC12, 500 mM 
NaCl, 5% glycerol, 35 mM imidazole, with either 50 µM GDP, or 50 µM GDP, 20 mM NaF, 
30 µM AlC13 respectively) while the other two had the nucleotides changed during the wash 
process. During the wash, the column was stopped for 20 min to allow atGPAl to equilibrate 
22 
with the specific nucleotide. Since the Ga subunit has GTPase activity, an analogue of GTP 
was used for permeability. GDP will react with A1Cl3 and NaF to form GDP* AlF4-, which 
locks the Ga subunit into GTP conformation. Throughout this paper, GDP* AlF4- added to 
running buffer will be referred to as GTP buffer. As can be seen, neither of the nucleotides 
had any effect on elution of the smaller co-purified protein (Fig. 9). 
Figure 9 
1 2 3 4 5 6 7 8 9 10 11 1 2 3 4 5 6 7 8 9 10 11 
Fig 9. Four His-tag columns testing for nucleotide dependence using either buffer with GTP or GDP. 
Left Gel: Lanes 1-3 = GTP loading to GTP elution 
(Lane 1: Solution before loading; Lane 2: Flowthrough in GTP; Lane 3: Elution in GTP) 
Lanes 4-10 = GTP loading to GDP elution (Lane 4.- Flowthrough in GTP; Lanes 5-7: Washing in GTP; Lanes 
8-10: Washing in GDP buffer after allowing 20 minutes to equilibrate in GDP buffer) 
Lane 11 =Elution in GDP. 
Right Gel: Lanes 1-3 =GDP loading to GDP elution 
(Lane l : Solution before loading; Lane 2: Flowthrough in GDP; Lane 3: Elution in GDP) 
Lanes 4-10 =GDP loading to OTP elution (Lane 4: Flowthrough in GDP; Lanes 5-7: Washing in GDP; Lanes 
8-10: Washing in GTP buffer after allowing 20 minutes to equilibrate in GTP buffer) 
Lane 11 =Elution in OTP. 
Wanting to know the identity of the smaller protein, N-terminal sequencing was performed. 
The protein was found to be FKBP-type peptidyl-prolyl cis-trans isomerase (rotamase). It is 
known that this protein has a high affinity for the drug FK506 19 • A sample of FK506 was 
graciously donated by Dr. Wandless from Stanford University. Two more test His-tag 
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columns were run where the three proteins were loaded, washed and eluted. One column 
served as a control and the other had an excess of FK506 added during washing. Again, the 
column was stopped for 30 min to allow for equilibrium. As can be seen, the FK506 had no 
effect on elution (Fig 10). 
Figure 10 
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Fig 10. Effects of FK506 on FKBP-type peptidyl-prolyl cis-trans isomerase (rotamase) 
eluting off a His-tag column. Both gels are identical except the right gel had an excess 
of FK506 added in all buffers starting in lane 6, which was allowed 30 minutes to equilibrate. 
Lane 1 =Solution before loading; Lane 2 = Flowthrough; Lanes 3-9 = Wash; Lanes 10-13 =Elution. 
The next purification step was to use iso-electric focusing to try to separate atGP A 1 from the 
FKBP-type peptidyl-prolyl cis-trans isomerase (rotamase). AtGPAl has a pl of 5.97 while 
FKBP-type peptidyl-prolyl cis-trans isomerase (rotamase) has a pl of 5.04. Using ampholyte 
conditions in the range of 5.0-8.0, iso-electric focusing should be able to separate the 
proteins. Unfortunately, upon multiple attempts, atGPAl and FKBP-type peptidyl-prolyl cis-
trans isomerase (rotamase) would precipitate out during the focusing. 
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This precipitation effect proved to be quite troubling throughout most of the purification 
attempts for the proteins seemed to permanently come out of solution at random times. After 
many precipitation experiments, no set of conditions could be deduced that would either keep 
the proteins soluble or cause precipitation. Buffer exchanges were especially difficult. 
Sometimes, dialysis from a complex buffer of cofactors into nothing more than 5% glycerol 
would keep the proteins soluble, while other times merely removing half of the NaCl would 
cause precipitation. Buffer exchange through serial concentrations also caused problems. 
Speed of dilution, buffer compositions, pore size of the ultrafiltration membrane, even 
temperature was closely monitored with no clear reproducible effects. As mentioned earlier, 
refolding attempts always proved negative. This effect alone caused the abortion of roughly a 
third of all purification experiments. 
As another purification technique, anion exchange chromatography was explored. After 
successfully dialyzing into a low ionic buffer, the proteins were loaded onto an equilibrated 
column, washed, and eluted with various concentrations of NaCL As can be seen, near 140 
mM NaCl, only purified atGPAl eluted from the column (Fig. 11). 
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Figure 11 
Fig 11 . Purified atGP A 1 from an anion exchange column. 
The left lane is a concentrated sample of the fractions on the right. 
While a successful purification protocol has been developed, the relationship between 
atGPAl and FKBP-type peptidyl-prolyl cis-trans isomerase (rotamase) is far from complete. 
Further study needs to investigate the possible interaction between these two proteins. The 
problem of uncontrolled precipitation also needs to be solved for efficient, further study of 
atGPAl. 
atGPAl Purification 
Expression and Purification 
A stab of DH5a E coli containing the atGPA 1 gene in pProEx Htb plasmid was obtained 
from Dr. Alan Jones of the University of North Carolina. The plasmids were then 
transformed into BL21 star cells for expression. All plasmids were verified by DNA 
Sequencing from the Iowa State University DNA Sequencing and Synthesis Facility. 
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AtGPAl was grown exclusively in twelve, one-liter flasks of LB media with 50 µg/ml of 
ampicillin added for selection. Growth was monitored at 37 ° Celsius. Upon reaching a 
density of 0.6 A at 600 nm, the cells were induced by adding IPTG to a working 
concentration of 1 mM. Growth was cooled to 27 ° Celsius for an additional 6 hours to 
increase the amount of soluble protein. The cells were centrifuged for 4 min at 6000 rpm to 
pellet cells. Pellets were snap frozen for 10 minutes at -80 ° Celsius and then collected in a 
single flask and frozen at -20 ° Celsius. 
Affinity Chromatography 
The resin of choice for atGPA 1 was the NT A Superflow nickel His-tag column for its 
reliability and ease of regeneration. Because atGPA 1 is a poorly soluble protein, a few 
significant differences from the before mentioned nickel resin protocol need to be addressed. 
The at GPAl cells were allowed to thaw at 4 ° Celsius with 50 µg/ml PMSF in 10 mL of 
binding/wash buffer#4 (50mM TRIS pH 7.5, 5 mM MgC12, 30 µM A1Cl3, 500 mM NaCl, 
5% glycerol, 10 mM imidazole, 50 µM GDP, 20 mM NaF) per liter of growth. The 
combination of the colder temperature and PMSF slows degradation of the protein product 
and the MgC12, AlC13, GDP and NaF work together to form GDP* AlF4-, a GTP analogue 
that keeps atGPAl in its active state. The glycerol works to keep the protein soluble. 
Cells were lysed by sonication and the cell lysate separated by centrifugation at 12000 rpm 
for 25 min. Supernatant was loaded onto the equilibrated column and washed with 
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binding/wash buffer #4 until the 280nm absorbance of the flowthrough reached 0.01. The 
column was then washed with secondary wash buffer#4 (50mM TRIS pH 7.5, 5 mM MgC12, 
30 µM A1Cl3, 500 mM NaCl, 5% glycerol, 35 mM imidazole, 50 µM GDP, 20 mM NaF) 
until the flowthrough reached an absorbance of 0.01. To remove a co-purifying protein near 
70 kDa, a third wash with 1-3 column volumes of tertiary wash buffer #4 (50mM TRIS pH 
7.5, 5 mM MgC12, 30 µM AlC13, 500 mM NaCl, 5% glycerol, 60 mM imidazole, 50 µM 
GDP, 20 mM NaF) is necessary. This is not an extensive wash because atGPAl will slowly 
bleed off at this concentration of imidazole, however the 70 kDa contaminant protein will 
elute faster. Finally, atGPAl is eluted with elution buffer #4 (50mM TRIS pH 7.5, 5 mM 
MgC12, 30 µM AlC13, 500 mM NaCl, 5% glycerol, 120 mM imidazole, 50 µM GDP, 20 mM 
NaF) and the fractions are run on SDS-PAGE gel. A second protein, rotamase, will co-purify 
with atGPAl. Fractions with only these two proteins are pooled. 
Anion Exchange Chromatography 
Before anion exchange chromatography, the 500mM NaCl needs to be removed, placing the 
atGPAl into GPA anion buffer (50 mM TRIS pH 8.0, 1mMDTT,5% glycerol, 50 µM 
GDP, 20 mM NaF, 30 µM A1Cl3, 5 mM MgC12). This exchange can be accomplished by 
dialysis or serial concentrations. Precipitation has been known to occur during this step. Spin 
down the finished sample to remove any precipitate. 
The protein is loaded onto a 1 mL anion exchange column equilibrated with GP A anion 
buffer. After washing with the same buffer, atGP A 1 is eluted with GP A anion elution buffer 
(50mM TRIS pH 8.0, 130mM NaCl, 1 mM DTT, 5% glycerol, 50 µM GDP, 20 mM NaF, 30 
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µM AlC13, 5 mM MgC12). Fractions are run on SDS-PAGE gel and pure samples of atGPAl 
are pooled and concentrated. 
The Method of Surface Plasmon Resonance 
Experimental Procedures 
Experiments were conducted on a BIAcore 2000 Instrument (Biacore, Uppsala, Sweden). For 
this experiment, atGPA 1 and rat myristolated Gai1 (Calbiochem, San Diego, CA) were 
immobilized to a carboxymethylated-dextran research grade CMS chip (Biacore) using an 
amine coupling kit (Biacore ). 
The surface of the chip was activated by passing a 1: 1 mixture of 400mM N-ethyl-N' -(3-
dimethylaminopropyl)carbodiimide and 100 mM hydrochloride/N-hydrosuccinimide over the 
surface at a flow rate of 1 OµL/min for 7 min. Gai 1 was immobilized to the second flow cell of 
the CMS chip and atGP A 1 was immobilized to the third flow cell, both in 10 mM Acetate 
buffer pH 4.5 for 7 min at the 10 µL/min. The first flow cell was left blank as a reference 
cell. Unreacted sites were blocked by the injection of 1 M ethanolamine, pH 8.5 over all flow 
cells for 7 min at the same flow rate. Any non-specifically bound proteins were removed by 
washing with SPR running buffer (10 mM HEPES pH 7.4; 150 mM NaCl; 5 mM MgC12; 
0,005% (v/v) Tween 20, degassed and 0.22 micron filtered) until the RU became constant. 
All binding experiments were conducted at 25 ° Celsius with a flow rate of 30 µL/min. Each 
analyte was injected for 180 seconds and washed for 800 seconds. A positive control of 
bovine G~y subunits (Calbiochem) and negative control of myoglobin were used. 
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To test for nucleotide dependence, two SPR running buffers were used: SPR-GDP buffer ( 10 
mM HEPES pH 7.4; 150 mM NaCl; 5 mM MgC12; 0,005% (v/v) Tween 20, 50 µM GDP, 
degaussed and 0.22 micron filtered) and SPR-GTP buffer ( 10 mM HEPES pH 7.4; 150 mM 
NaCl; 5 mM MgC12; 0,005% (v/v) Tween 20, 50 µM GDP; 10 mM NaF, and 30 µM AlC13, 
degaussed and 0.22 micron filtered). The GDP, NaF, AlC13 and MgC12 work together to 
form GDP* AlF4-, a stable GTP analogue. Before any binding was measured, the nucleotide 
buffer of interest was passed over the bound ligands at a flow rate of 30µL/min for 1 hour to 
ensure homogeneity of bound nucleotide. 
After each binding measurement, the surface was regenerated by passing 0.05% SDS over 
the chip for 1 min at a flow rate of 30µL/min followed by SPR buffer forl 0 min. 
Experimental curves were analyzed using the BIAevaluation version 3 software evaluation 
package. 
Kinetics and Surf ace Plasmon Resonance 
Fitting SPR Data 
There are two stages in a SPR binding experiment, association and dissociation. Each stage is 
governed by different kinetic equations. 
The binding of the analyte, A, to the ligand, B, can be written as: 
ka 
Eq. 2: A + B ++ AB 
kd 
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However, the analyte must first move from the bulk solution to the surface of the chip before 
binding can occur. Taking this into account, Eq. 2 becomes: 
ka 
Eq. ~: Abulk :: Asurfacht + B ++AB 
The rate of the analyte moving from bulk to the surface, termed mass transport, can become 
problematic. If mass transport is slower than the association between the proteins, the 
kinetics will be limited by mass transport and will not represent the true value of association. 
This effect can be countered by increasing the flow rate or lowering the amount of bound 
ligand. Assuming mass transport is not limiting, the rate of interaction can be written as: 
Eq. 4: d[AB]ldt = ka[A][B]- kd[AB] 
Because the concentration of non-reacting ligand [B] is the difference between the total 
amount of ligand [B0] and the interacting ligand [AB], it can be written that: 
Eq.5: [B]=[BJ-[AB] 
Substituting Eq. 5 into Eq. 4: 
Eq. 6: d[AB]ldt = ka[A]([BJ- [AB])- kd[AB] 
Multiplying and factoring out, respectively, gives: 
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Eq. 7: d[AB]ldt = ka[A][BJ- ka[A][AB]-kd[AB] 
Eq. 8: d[AB]ldt = ka[A][BJ - (ka[A] + kd)[AB] 
Rewriting using units of surface plasmon resonance, where C =concentration of the analyte, 
Rmax =maximum analyte binding capacity in RU, and R = SPR signal at time in RU: 
Eq. 9: dR/dt = ka*C*Rmax - (ka*C + kd)R 
Eq. 9 shows that a plot of dR/dt vs R will be linear with a slope of -(ka*C + kd). Because R
01
ax 
is difficult to obtain experimentally, a range of measurements with differing concentrations 
are obtained. For each concentration, a plot of dR/dt vs R will give the slope = S = -(ka*C + 
kd). Then a second plot of S vs C will be linear with a slope of ka. 
For dissociation, the analyte must be able to unbind from the ligand and leave the surface 
before binding again to an open position. If this transfer back into bulk solution is slower 
than rebinding, mass transfer is again a problem. Faster flow rates and small amounts of free 
ligand in the wash buffer can help alleviate the problem. Again, assuming mass transport is 
not limiting: 
Eq.10: d[AB]ldt = -kd[AB] 
Rewriting into surface plasmon resonance variables, as before, gives: 
Eq. 11: dR!dt = -kdR 
After integrating Eq. 11 and taking the logarithm, where Rt= the response at time tin RU, 
and R0 =response at an arbitrary time zero, the equation becomes: 
Eq. 12: ln(R/R)=kd(t-tJ 
Therefore a plot of ln(RjR) vs (t-t0) will be linear with a slope of kd. 
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CHAPTER 3: RESULTS 
Experimental Results with Surf ace Plasmon Resonance 
Experimental Design 
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To investigate if the animal interaction between Ga subunits of heterotrimeric G proteins and 
hexacoordinate hemoglobins is of significance, a study of the plant analogues of these 
molecules would be a logical step. To examine binding of these proteins, the growing field of 
surface plasmon resonance was chosen as a technique. Surface plasmon resonance allows the 
interaction of proteins to be measured in real time with no harsh conditions or modifications 
to the molecules. 
This experiment utilized both animal and plant Ga subunits as well as both an animal and 
plant hexacoordinate hemoglobin. The animal hemoglobin chosen was human neuroglobin a 
recently discovered hexacoordinate hemoglobin that has reported activity with animal Ga 
subunits3 • The plant hemoglobin chosen was rice hemoglobin, a well-studied hexacoordinate 
hemoglobin of unknown function. Both proteins were completely oxidized to the ferric Fe3+ 
state for homogeneity by the addition, and subsequent removal, of potassium ferricyinide. 
As explained in the methods section, myristolated Gai
1 
subunits from rat (Calbiochem, San 
Diego, CA) and purified atGPAl subunits from Arabidopsis acted as the animal and plant 
Ga subunits, respectively. 10000 RU of Gai
1 
was immobilized onto flow cell 2 and the same 
amount of atGPAl onto flow cell 3 of a CM5 research grade biosensor chip using a 
commercial amine coupling kit (Biacore). 1000 RU equals approximately 1 ng/mm2 of 
immobilized protein. Flow cell 1 was not immobilized with any protein and was used as a 
reference cell. 
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Before taking measurements, a positive control was conducted using bovine G~y subunits 
(Calbiochem, San Diego, CA) and myoglobin, a pentacoordinate hemoglobin, served as a 
negative control. The controls were passed over the bound Ga proteins for 180 seconds and 
allowed to dissociate for an additional 800 seconds. The G~y subunits bound to both ligands 
with extreme specificity while the myoglobin did not interact, even at 1000 times the 
concentration of the positive control (Fig. 12). In this figure and the following figures, each 
curve is first labeled by analyte: "Neurogb" or "Rice Hb" for neuroglobin and rice 
hemoglobin respectively, followed by the Ga subunit used as a ligand: "Galp ha" for the 
animal subunit and "GPAl" for the plant. Finally, any cofactor present in the buffer, either 
GDP or GTP, is noted, followed by the concentration. Again, GDP* AlF
4
- is used as a stable 
analogue of GTP. 
Before this measurement was taken, the extent of binding of bovine G~y subunits to the plant 
atGPA 1 was unknown, however protein similarity suggested comparable affinity was 
reasonable. As can be seen, both Ga subunits behaved in very similar manners to the positive 
control. 
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Detection of Hexacoordinate Hemoglobins binding to Ga subunits 
Human neuroglobin has been reported to interact with animal Ga subunits exclusively in the 
GDP bound form3• Taking this into account, the first set of experiments were all conducted 
with 50 µM GDP in the running buffer and 5mM MgC12 added for nucleotide stability. The 
immobilized proteins were allowed 60 minutes of exposure in the GDP buffer to achieve a 
homogeneous nucleotide state before analytes were introduced. Also, all hemoglobins were 
buffer exchanged into solution containing the same concentration of GDP cofactor. 
Neuroglobin and rice hemoglobin were passed separately over the immobilized Ga subunits 
for 180 seconds and then allowed to dissociate for 800 additional seconds. It immediately 
became apparent that not only was there interaction between the Ga subunit and 
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hexacoordinate hemoglobin of the appropriate plant or animal kingdom, but that there was 
interaction across kingdoms; i.e. the plant proteins were interacting with the animal proteins 
and vice versa (Fig. 13). 
Figure 13 
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It is important to note that while it is appropriate to qualitatively compare sensograms of 
different analytes binding to the same ligand, it is not accurate to compare sensograms of the 
same analyte over different ligands, except in cases of extremely large signal differences. 
The absolute value of bound ligand is difficult to measure experimentally and the activity 
between proteins can vary greatly. Only quantitative measurements of the global equilibrium 
constants allow for accurate comparison of the same analyte over different ligands. 
As mentioned earlier, in order to calculate equilibrium constants, binding to each analyte 
needs to be measured in a range of concentrations. Both neuroglobin and rice hemoglobin 
were monitored in two series repetitions of 25 µM, 50 µM, 100 µM, 200 µM , and 400 µM 
concentrations over both immobilized Ga subunits (Fig. 14). 
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While these graphs exhibit the expected concentration dependence, the kinetic information 
has unfortunately been compromised by mass transfer effects. Before being able to interact, 
the analyte must leave the bulk of solution and reach the surface of the chip. If the rate of 
transfer from the bulk solution to the surface of the chip is slower than the rate of interaction 
of the proteins, mass transfer becomes limiting and conceals the true kinetic curves. While · 
the intensities and qualitative measurements are unaffected, the shapes of both the 
association and dissociation stages are altered and any calculated constants are without a high 
level of certainty. 
Two techniques used to avoid mass transfer effects are to immobilize the smallest amount of 
ligand possible onto the chip to still get a good signal and to increase the flow rate of the 
analyte over the ligand. These methods both increase the amount of ligand reaching the 
surface and decrease the required amount of analyte needed for binding. 
Figure 14 
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The first chip created used ten times less immobilized Ga subunits for this reason, but the 
ligands failed to give appropriate signal strength. This could be in part due to the transient 
nature of signal molecule interactions. Only when going to the experimental level of 10000 
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RU was the signal satisfactory. The flow rate was increased from 5µ1/min to 30µ1/min in an 
attempt to counteract the effect of the large immobilization level on mass transfer but without 
the desired effect. To further increase kinetic complexity, the necessary range of 
concentrations spanned a monomer-dimer shift in rice hemoglobin. 
Even without calculated affinity constants, the unknown nature of binding between these 
proteins produced qualitative data in the previous experiment and following experiments that 
have never before been documented. 
Nucleotide Dependence 
Because of the heterotrimeric G protein dependence on specific nucleotide state for function, 
a test for interaction in the OTP state was conducted. This set of experiments was conducted 
with 50 µM GDP, 30µM AIC13, 20 mM NaF, and 5 mM MgC12, again for nucleotide 
stability, in the running buffer. The immobilized proteins were allowed 60 minutes of 
exposure in the OTP buffer to achieve a homogeneous nucleotide state. The hemoglobins 
were buffer exchanged into solution containing the same concentration of OTP analogue. 
Neuroglobin and rice hemoglobin were passed separately over immobilized Ga subunits for 
180 seconds and then allowed to dissociate for 800 additional seconds. Both proteins were 
monitored in one repetition each of 50 µM, 100 µM, and 200 µM concentrations over both 
Ga subunits. Surprisingly, the two analytes behaved quite differently in these conditions. 
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Rice hemoglobin had very little change in interaction from the GDP binding experiment. 
Neuroglobin, on the other hand, had a significant decrease in interaction for both animal and 
plant Ga subunits (Fig. 15). 
Binding to Other Hemoglobins 
Because both of the hexacoordinate hemoglobins chosen for this study interacted with the 
ligands, an assortment of mutants and other hexacoordinate hemoglobins were passed over 
the immobilized Ga subunits to test for ubiquitousness of the hemoglobin interaction. 
The first alternate hemoglobin investigated was neuroglobin E7L. This mutation replaces the 
histidine at the site of hexacoordination with leucine, thereby changing neuroglobin into a 
pentacoordinate hemoglobin. 
Neuroglobin E7L was passed over the Ga subunits at a concentration of 100 µm followed by 
an identical injection of wild type neuroglobin. Interestingly, the mutant interaction between 
neuroglobin E7L and both Ga subunits was stronger than the wild type interaction (Fig. 16). 
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Figure 16 
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Further investigation was conducted by passing cytoglobin, a recently discovered 
hexacoordinate hemoglobin, a cytoglobin E7L mutant, and a neuroglobin E7L,E9S,E10L 
triple-mutant over the animal Gai1 subunit. Like neuroglobin E7L, these two mutants involve 
the E7 histidine and change the wild type hexacoordinate hemoglobin into a pentacoordinate 
one. Rice hemoglobin, neuroglobin E7L, and both the positive and negative controls were 
run alongside these new hemoglobins for reference. All analytes were run at a concentration 
of 160µm except for the opy subunits, which remained at 200nM (Fig. 17). 
Wild type cytoglobin proved to be as unreactive as the myoglobin negative control. The 
cytoglobin E7L mutant, however, not only did interact, but also did so with almost identical 
affinity with the neuroglobin version of the E7L mutant. And the neuroglobin triple mutant 
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more than doubled the next highest association. The E7L mutations seem to play a part, and 
somehow increase the interaction between hemoglobins and Gu subunits. 
Figure 17 
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CHAPTER 4: DISCUSSION 
Discussion and Future Directions 
Interpretations 
Because of the relatively unknown status of many of the proteins used in this study, there are 
many possible interpretations based on the data. The first approach taken when looking at 
new facts should usually be of skepticism. 
This study might serve to simply detract interest from the report that neuroglobin binds to Ga 
subunits in animals because the same association was found with many different types of 
hemoglobins, both pentacoordinate and hexacoordinate. Also, the dependence on nucleotide 
state is not constant. Because the interaction is quite weak when compared to more 
conventional binding partners, it is possible that these binding events are non-specific 
interactions due to similar structural components of the proteins. 
However, the differences in interaction seen between analytes tend to lend credibility to the 
importance of these proteins exhibiting specific interactions in both plants and animals. If the 
interactions were non-specific, they would all apt to behave similarly and this is not what was 
seen. Not all hexacoordinate hemoglobins bound. Neuroglobin and rice hemoglobin 
interacted with similar affinity yet cytoglobin failed to bind even with a very similar 
structure. Not all pentacoordinate hemoglobins bound. Myoglobin acted as a negative 
control, but the neuroglobin and cytoglobin mutants with similar heme arrangement did show 
significant interaction and both different still from their wild type interactions. Even the 
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similar neuroglobin and rice hemoglobin binding showed marked differences when compared 
in the GTP state of Ga subunits. Also, binding affinities for signaling molecule are expected 
to be of much lower degree than other interacting proteins due to the importance of a 
transient relationship in regulation. 
In light of the current evidence, a deeper study into the pairing of Ga subunits and 
hemoglobins should be investigated. There are many more variables in this system to study, 
one being oxidation state of the heme iron. 
Oxidation State 
All experiments conducted were with the ferric Fe +3 form of the hemoglobin protein. This 
choice was made in part because of the report that Ga animal subunits bind solely to the 
ferric form of neuroglobin. Another reason was the relative difficulty in keeping neuroglobin 
in the reduced Fe +2 ferrous form. All hemoglobins auto-oxidize when coming into contact 
with atmospheric oxygen and neuroglobin is known to have one of the fastest auto-oxidation 
rates. To produce ferrous hemoglobins and keep them in their reduced state, they need to be 
kept in an anaerobic atmosphere as they are reduced by the addition of sodium dithionate and 
bound to a ligand such as carbon monoxide. All buffers similarly need to be sparged of 
oxygen and excess sodium dithionate removed from solution. This protocol is not overly 
taxing, but with the materials available and availability of the surface plasmon resonance 
equipment, this study was not feasible . 
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However, since neuroglobin and rice hemoglobin differed greatly on their dependence on 
nucleotide state, they may very well also differ in their requirement on oxidation state. And 
because plant and animal systems are known to be regulated differently, an oxidation study 
such as this may provide a window to observe the specific differences in the utilization of Ga 
subunits between the two kingdoms. 
Ozone as a Signaling Molecule 
A possible functional link between Ga subunits and hemoglobins is the use of ozone as a 
signaling molecule. Ozone is a toxic derivative of oxygen that is known to have a deleterious 
effect on plant growth. A recent paper has reported that atGPAl is somehow involved in the 
plant's response to ozone, but not through the known G protein-coupled receptor20 • The Ga 
subunit is somehow activated by ozone in an alternate pathway. 
Much like ozone, nitric oxide is a toxic molecule that has been found to be used as a 
signaling molecule over very short distances. When discovered, the idea of a toxic molecule 
being purposefully produced in the body for signaling purposes seemed far fetched but has 
since been shown to be utilized in many tissue systems. Hemoglobins of almost all types are 
known to bind nitric oxide. It has long been assumed that these proteins also have a similar 
affinity to ozone. If this turns out to be the case, a possible function linking Ga subunits and 
hemoglobins would be in the presence of ozone, either as a signaling molecule or for cellular 
detection. It will take more investigation, possibly in areas such as this, to fully understand 
the function and similarities between plant and animal Ga subunits with hemoglobin 
proteins. 
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